The spectroscopic and thermodynamic properties of the four diatomic hydrogen halide molecules-HX͑g͒, where XϭF, Cl, Br, and I-have been reviewed. Four revised thermochemical tables result from this critical review. The revisions involved the consideration of new spectroscopic information and the use of a direct summation over states for the generation of the thermochemical tables. Compared to previous calculations, the entropies at 298.15 K are unchanged, but the high temperature values (TϾ4000 K) are significantly different.
Introduction
The thermodynamic and spectroscopic properties of the four hydrogen halide ideal gases have been reassessed for the NIST-JANAF Thermochemical Tables. The data for these gases was last critically evaluated in the 1960's, with the exception of HF͑g͒, which was updated in 1977 based on a study by NBS ͑now NIST͒ on the thermochemical tables for numerous fluorides The reassessment is necessary for at least two reasons: ͑1͒ the existence of newer and more extensive data, and ͑2͒ the use of a more highly sophisticated statistical mechanical approach-a direct summation over the energy levels.
The Extended Bibliography not only contains detailed information on the references for the hydrogen halides, but also references for the deuterium and tritium substituted halides. These references contain information dealing with experimental measurements, theoretical calculations, and previously derived thermochemical tables.
Hydrogen Halides
In each of the following subsections for the four hydrogen halide gases, a discussion of the rationale used in determining the recommended spectroscopic and thermodynamic information is presented, followed by thermochemical tables for the temperature range 0 K-6000 K. The style and format is that used in the traditional NIST-JANAF Thermochemical Tables. 
Hydrogen Fluoride

Enthalpy of Formation
The enthalpy of formation of hydrogen fluoride, HF, was recommended by CODATA-ICSU. 1 It was calculated from measurements of the enthalpy of formation of liquid HF by Johnson et al. 2 (Ϫ303.55Ϯ0.25 kJ•mol Ϫ1 ), and the enthalpy of vaporization of HF by Vanderzee and Rodenburg 3, 4 (30.26Ϯ0.10 kJ•mol Ϫ1 ). Considerably less accurate values of ⌬ f H o (HF,g), in particular because of polymerization of HF vapor, were obtained in earlier papers. 4 -8 The spectroscopic values for the dissociation energy of HF were derived from predissociation by rotation in the X 9 gave a value for the dissociation energy (47 143Ϯ81 cm Ϫ1 ), but it does not agree with the adopted value within the limits of the error indicated.
The accepted enthalpy of formation of HF͑g͒ also agrees with the value of enthalpy of formation of the F Ϫ ion in the state of standard aqueous solution 
Heat Capacity and Entropy
These are calculated by direct summation over vibrationrotation levels of the ground electronic state. The information on vibration-rotation levels of HF in the ground X 1 ⌺ ϩ state was obtained from the rotational analyses of vibrationrotation bands [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] and pure rotational spectra [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] and the electronic transition, 10, 11, 61 
Based on experimental data, the potential energy curve for the ground state was studied in the literature. 12, [53] [54] [55] [56] The adopted constants are results of our fit of the best data for vр2 as given by Le Blanc, Walker, and Bernath, 37 for vϭ3 by Susada, 38 for v ϭ4 -6 by Webb and Rao, 31 and for 7рvр19 by Di Lonardo and Douglas. 10 The rotational constants for vϭ0 in LeBlanc et al. 37 were fixed at the values obtained from pure rotational spectrum by Hedderich et al. 51 All the constants given above were included in the procedure described in Gurvich et al. 96 ͑pp. 24 -32͒. The fitting procedure provided the convergence of vibrational levels to its dissociation limit and extrapolation of F v to the limiting curve of dissociation: v max ϭ20, J lim ϭ68.
The procedure gives the last vibrational level of the ground state vϭ20. The last observed vibrational level is vϭ19. The vϭ20 level as the last level was predicted in works dealing with potential curves of the ground state. 56, 12 The electronic spectrum was investigated in many studies. 10, 11, [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] According to the experimental [57] [58] [59] [60] and theoretical 68 -70 data, the electronic states correlating with the ground state limit are repulsive. The other excited states lie above 80 000 cm Ϫ1 and are not taken into account for the calculation of the thermodynamic functions. There are many theoretical calculations on the ground and Rydberg states of HF. These do not contradict experimental data ͑see Table 1͒ .
The thermodynamic functions of HF͑g͒ were calculated using the program described in Gurvich et al. 96 The uncertainties in the calculated thermodynamic functions for T Ͻ5000 K are determined mainly by the uncertainty of the fundamental constants. With increasing temperature the uncertainties increase because of the absence of experimental data for vibrational-rotational energy levels with JϾ40 and because of the use of an approximate method for calculating the limiting curve of dissociation. The uncertainties in the values of S o (T) are estimated to be 0.005, 0.01, 0.02, and 0.15 J•K
Ϫ1
•mol Ϫ1 at 298.15, 1000, 3000, and 6000 K, respectively.
The thermodynamic functions of HF͑g͒ have been calculated earlier in numerous studies 96 -108 for temperatures not exceeding 6000 K. Despite the difference of the constants and methods of calculations used in the various studies, and because of the large values of vibrational frequency, the rotational constant and the dissociation energy of HF, the results of these calculations coincide satisfactorily with each other and with the present calculation. For example, the calculations given in Gurvich et al. 96 were performed by direct summation over the energy levels and in the NIST-JANAF Thermochemical Tables  105 by the Vibrational and rotational levels ͑cm 
where ZϭJ͑Jϩ1 ͒, Y ϭvϩ1/2 r e ϭ1.274 561ϩ0.000 001 Å
Enthalpy of Formation
The enthalpy of formation of hydrogen chloride, HCl, was recommended by CODATA-ICSU 1 and is based on the results of measurements of enthalpy of the reaction of hydrogen with chlorine by Rossini, 2 Roth and Richter, 3 Wartenberg and Hanish, 4 Lacher et al., 5 Faita et al., 6 Cerquetti et al., 7 and King and Armstrong. 8 The value for the dissociation energy,
corresponds to the selected value of ⌬ f H o (HCl,g).
Heat Capacity and Entropy
These are calculated by direct summation over the vibration-rotation levels of the ground electronic state. The information on the vibration-rotation levels of HCl in the ground X 1 ⌺ ϩ state was obtained from the rotational analyses of vibration-rotation bands, 9-43 microwave spectra, 44 -54 CARS spectrum, 55 and the electronic transition, 56 ,57
The vibration-rotation spectrum of HCl was investigated also in low-temperature matrices. [63] [64] [65] [66] The potential energy curve for the ground state derived from experimental data was studied in numerous other works. 38,58 -62 The adopted constants were selected from the following works. The constants for vр3 were obtained by Le Blanc et al., 41 who included pure rotational data by Rinsland et al. 40 in their treatment. G 0 (v) for 4рvр17 were derived by Coxon and Roychowdhury 57 from the analysis of the B 1 ⌺ ϩ -X 1 ⌺ ϩ transition (7рvр17) and for 4рvр7 were recalculated from data by Coxon and Ogilvie. 38 The rotational constants for 7рvр17 were also taken from Coxon and Roychowdhury. 57 The rotational constants for 4рvр6 were taken from work by Clayton et al. 39 The rotational constants for vϭ1, obtained by De Natale et al. 53 and for v ϭ7 by Reddy 36 agree well with those adopted here. [63] [64] [65] [66] The selected experimental data for H 35 Cl were included in the procedure described in Gurvich et al. 107 ͑pp. 24 -32͒. The fitting procedure provided the convergence of the vibrational levels to the dissociation limit and extrapolation of F v to the limiting curve of dissociation: The electronic spectrum was investigated in numerous studies. 56, 57, [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] [82] [83] According to the experimental 68, 70 and theoretical 84 -89 data, the electronic states correlating with the ground state limit are repulsive. The stable excited states lie above 75 000 cm Ϫ1 and are not taken into account for the calculation of the thermodynamic functions. There are numerous theoretical studies [90] [91] [92] [93] [94] [95] [96] [97] [98] [99] [100] [101] [102] [103] [104] [105] [106] on the ground and Rydberg states of HCl ͑see Table 2͒ .
The thermodynamic functions of HCl ͑g͒ were calculated using the program described in Gurvich et al. 107 The uncertainties in the calculated thermodynamic functions for T Ͻ4000 K are determined mainly by the uncertainty of the fundamental constants. With increasing temperature, the uncertainties increase because of the absence of experimental data for energy of the vibrational-rotational levels with J Ͼ39 and because of the use of an approximate method for calculating the limiting curve of dissociation. The uncertainties in the values of S o (T) are estimated to be 0.005, 0.01, 0.02, and 0.15 J•K
Ϫ1
The thermodynamic functions of HCl͑g͒ were calculated earlier for low temperatures, 108 -114,126 and for higher temperatures, 107, [115] [116] [117] [118] [119] [120] [121] [122] [123] [124] [125] up to 5000 K-6000 K. Despite the use of different methods and some differences in the fundamental and molecular constants, the discrepancies between the results of these calculations and present calculation are small. The best agreement occurs with the calculation of Gurvich et al., 107 with small discrepancies occurring at temperatures above 3000 K due to a more correct account of vibrational levels and constants B v which lead to different values v max . The discrepancies with the NIST-JANAF Thermochemical Tables, 122 which start at temperature 1000 K and consist of 0.01, 0.25, 0.7 in C p o (T) and 0.001, 0.09, 0.5
at temperatures 1000, 3000, 6000 K, respectively. These differences are due to the fact that a direct summation technique was not used. Vibrational and rotational levels ͑cm 
Heat Capacity and Entropy
These are calculated by direct summation over the vibration-rotation levels of the ground electronic state. The information on the ground X 1 ⌺ ϩ state levels was derived from the rotational analyses of vibration-rotation bands and pure rotation spectra. [31] [32] [33] [34] [35] [36] [37] [38] Vibration-rotation spectra of HBr were studied also in low temperature matrices. [39] [40] [41] The data for vр2, obtained by Braun and Bernath, 26 the data for vϭ3, 5, 6, obtained by Nishimiya et al., 30 and the constants for levels vϭ4 and 7 calculated from the constants given by Bernage and Niay 20 were used in the fit.
The fitting procedure ͑Gurvich et al. 84 pp. 24 -32͒ provided the convergence of vibrational levels to its dissociation limit and extrapolation F v to the limiting curve of dissociation:
Simultaneously, the program corrected the constants to the average isotopic species. These are presented above. The electronic spectrum was investigated in numerous studies. [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] According to the experimental [42] [43] [44] [45] [46] [47] and theoretical [61] [62] [63] [64] data, the electronic states correlating with the ground state limit are repulsive. The stable excited states lie above 66 000 cm Ϫ1 and are not taken into account for the calculation of thermodynamic functions. Theoretical studies [65] [66] [67] [68] [69] 25 deal with the potential energy curve and Born-Oppenheimer breakdown effects in the ground state of hydrogen bromide.
Numerous calculations of the ground state properties [70] [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] [82] [83] have been performed using different methods and are in good agreement with available experimental data ͑see Table 3͒ . The thermodynamic functions of HBr ͑g͒ were calculated using a program described by Gurvich et al. 84 The uncertainties in the calculated thermodynamic functions for T Ͻ3000 K are determined mainly by the uncertainty of the fundamental constants. With increasing temperature, the uncertainties increase because of the absence of experimental data for the energy of the vibrational-rotational levels with vϾ7 and because of the use of an approximate method for calculating the limiting curve of dissociation. The uncertainties in the values of S o (T) are estimated to be 0.005, 0.02, 0.2, and 0.3 J•K
Ϫ1
The thermodynamic functions of HBr ͑g͒ were calculated earlier for the temperature range (Tр1600 K), 85 (T р2000 K), 86 and (Tр6000 K). 84, [87] [88] [89] [90] [91] [92] In all these calculations, less accurate values of molecular constants were used than in this work. In these examples the calculations were performed by the method of Gordon Vibrational and rotational levels ͑cm
r e ϭ1.609 083Ϯ0.000 004 Å.
Enthalpy of Formation
Enthalpy of formation of hydrogen iodide, HI, was recommended by CODATA-ICSU 1 agree with thermochemical data.
Heat Capacity and Entropy
These are calculated by direct summation over the vibration-rotation levels of the electronic ground state.
The molecular constants of HI in the ground X 1 ⌺ ϩ state were obtained from the rotational analyses of vibrationrotation bands [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] and microwave spectra. [27] [28] [29] [30] [31] [32] [33] [34] The adopted constants are results of our fit of the best data for vр7 were given by Guelashvili et al. 23 and by Katayama et al. 26 where parameters for vϭ0 were fixed at the values derived from microwave study by De Lucia et al. 32 The fitting procedure ͑Gurvich et al., 35 pp. 24 -32͒ provided the convergence of vibrational levels to the dissociation limit and extrapolation of F v to the limiting curve of dissociation:
The electronic spectrum was investigated in numerous studies. [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] According to the experimental 36 -39,42 and theoretical [47] [48] [49] [50] data, the electronic states correlating with the ground state limit are repulsive. The stable excited states lie above 50 000 cm Ϫ1 and are not taken into account for the calculation of the thermodynamic functions.
Vibration-rotation spectra of HI were also studied in low temperature matrices. [51] [52] [53] [54] [55] [56] Theoretical studies [57] [58] [59] [60] [61] deal with the potential energy curve and Born-Oppenheimer breakdown effects in the ground state of hydrogen iodide.
Numerous calculations [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] of the ground state properties have been performed using different methods. Some 73, 74 are in good agreement with available experimental data.
The thermodynamic functions of HI ͑g͒ were calculated using a program described in Gurvich et al. 35 The uncertainties in the calculated thermodynamic functions for T Ͻ3000 K are determined mainly by the uncertainty of the fundamental constants. With increasing temperature, the uncertainties increase because of the absence of experimental data for the energy of the vibrational-rotational levels with vϾ7 and because of the use of an approximate method for calculating the limiting curve of dissociation. •mol Ϫ1 at 298.15, 1000, 3000, and 6000 K, respectively ͑see Table 4͒ .
The thermodynamic functions of HI͑g͒ have been calculated earlier. [75] [76] [77] [78] [79] [80] [81] [82] [83] 35, 6 In all these calculations, less accurate values of molecular constants were used than in this work. These calculations were performed by the direct summation over the energy levels, 35, 78, 79 by the method of Gordon and Barnes, 76 and by the method of Meyer and Goeppert-Meyer. 77 Discrepancies with the calculations of four of these studies 79, 78, 76, 35 do not exceed 0. •mol Ϫ1 at 6000 K for the fifth study. 
Conclusions
The structural, spectroscopic, and thermodynamic properties of four hydrogen halide ideal gases have been critically reviewed. The thermal functions have been calculated using a direct summation over the vibrational-rotational states with summation cutoff at the dissociation energy. As extensive experimental data exists for the description of the vibrational-rotational energy levels ͑and in the vicinity of the dissociation energy͒, the thermal functions should reflect an extremely reliable set of values.
The thermodynamic values are summarized in the following table: 
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